After being in the focus of sciences' and industry's research and development activities for many years, the investigation of possible SF 6 gas-alternatives has been even more intensified after the revision of the European regulation on fluorinated gases in 2014. In this contribution the influencing factors on the dielectric breakdown of clean air are investigated for weak inhomogeneous field and gas pressures up to 10 bar. Modelling approaches and experimental data are compared.
INTRODUCTION
Nowadays SF 6 (sulphur hexafluoride) is the state-ofthe art insulating and arc quenching medium used in gas-insulated switchgear (GIS), enabling safe current interruption and high dielectric strength. At the same time, if released to the environment, SF 6 is a strong greenhouse gas with a global warming potential of 22800 CO 2 (carbon dioxide) mass equivalents [1] [2] [3] .
After being in the focus of sciences' and industry's research and development activities for many years, the investigation of possible SF 6 gas-alternatives has been even more intensified after the revision of the European regulation on fluorinated gases in 2014. An assessment of the physical properties of gas-alternatives currently under discussion shows, that the design of future switchgear with SF 6 gas-alternatives requires a detailed consideration of the gas and material properties. In this context it is also expected that a significant change of the design criteria, used for SF 6 switchgear for the last decades, could be necessary. Thus a detailed understanding of the underlying physical processes and breakdown mechanisms as well as of influencing factors on these is necessary.
These influencing factors (e.g. surface roughness, gas pressure etc.) are investigated for clean air in this contribution focussing on weak inhomogeneous field and gas pressures up to 10 bar. Based on these investigations modelling approaches for different effects on the dielectric strength (e.g. influence of protrusion shape and dimensions) of clean air (80 % nitrogen, 20 % oxygen) are analyzed and compared. The investigations are supported by experimental results.
BASIC THEORY OF STREAMER-DISCHARGE
In this contribution the streamer breakdown mechanism in clean air is investigated. The streamer discharge is driven by impact-ionization and photon emission processes. If electrodes have the same roughness and are made from the same material, the positive streamer is more critical for the dielectric breakdown. If the avalanche reaches its critical size, a significant field increase occurs in front of the avalanche head and at the avalanche tail. Because of this distortion of the electric field by space-charges, photons are emitted from the avalanche head and in the region behind the avalanche tail. New avalanches are initiated, because the electric field there exceeds the critical electric field, at which the ionization coefficient is greater than the attachment coefficient. In Fig. 1 the development of a positive streamer discharge is depicted [4] . An area with active ionization is located round the head of the streamer with positive charge. In the reduced field area photoelectrons induce new electron avalanches, which develop concentrically toward the streamer head. The large number of electrons entering the streamer head neutralizes the positive space-charge at this location. However, during their development a new center with positive space-charge is formed, which virtually shifts the anode towards the cathode. The ignition condition for the streamer is fulfilled, if the critical number of free moving charge carriers has reached a number of N cr = 10 6 ... 
where α eff is the effective ionization coefficient as a function of reduced electric field E p and z cr is the distance ahead the surface, where α eff > 0.
ANALYTICAL AND SEMI-EMPIRICAL APPROACHES FOR MODELLING
The quality of surface finish of a metal depends not only upon the material itself but also upon the manufacturing and machining process, respectively. The approach, how to consider the surface roughness and protrusion dimensions, plays an important role for the vol.
no. / Influencing factors on the dielectric breakdown strength Figure 1 . Development of the positive streamer discharge [4] modeling of the streamer formation. There are different methods, how to implement the surface roughness in the modeling, e.g. fractal theory [5] , multi-ridge model [6] , calculation of enhancement factor [7] [8] [9] and the electric field strength along the axis [9] [10] [11] [12] . In the breakdown model used in the context of this contribution, the local field enhancement is emulated by a single idealized protrusion in the form of a prolate semi-ellipsoid evolving from a perfectly smooth conductor. The electric field strength E(z) normal to the middle of the tip of the protrusion is described by expression [10] :
where E 0 is the electric field strength for a perfectly smooth conductor; the protrusion in the form of semiellipsoid is characterized by its height h and half-width r with H = √ h 2 − r 2 . In order to compare different approaches for emulating the electric field strength along the axis, three approaches, Zhirnov [11] (cf. (3)), Jaeger [9] (cf. (4)) and a breakdown model using (2), with the same electric field enhancement factor β are taken into account for a plane-plane set-up with a semi-ellipsoidal protrusion with tip radius r c at the high voltage electrode (cf. Fig. 2 ):
For the validation purposes a Finite Element Modeling (FEM) is additionally performed for this planeplane set-up, considering the same protrusion dimensions as for the analytical approaches. From the results given in Fig. 2 it is observed, that the analytical expression (2) used in the breakdown model yields good agreement with the simulation data for semi-ellipsoidal protrusion. FEM simulations are also performed for a plane-plane set-up with conical protrusion. Since the model used in the context of this contribution has the prolate semi-ellipsoidal form of protrusion, the same height and tip radius are taken for an additional comparison with FEM simulation for a conical protrusion. Both, simulation and modeling results using (2) are found to be in good agreement. Therefore, for the further breakdown analysis only the proposed form of protrusion, prolate semi-ellipsoid, is used.
EXPERIMENTAL APPROACH
Set-ups representing typical GIS arrangements were defined for dielectric breakdown tests. The following requirements had to be fulfilled by the model arrangements:
Field utilization factor η = E average /E maximum comparable to typical GIS arrangements
Surface quality comparable to GIS conditions

Same electrode materials as in GIS
The distinction between small (i.e. sphere-plane) and big surfaces (i.e. coaxial cylinder) was adopted in order to simulate parts of GIS with smaller and bigger surface area. The model arrangements are shown in Figure 3 where the field utilization factors η of the arrangements are indicated as well.
A variety of different parameters were investigated by high voltage breakdown tests like gas humidity, or the test method [13] . The influence of three parameters, i.e. voltage type, gas pressure and surface roughness, are highlighted in this paper.
According to IEC 62271-1, high dielectric breakdown strength against impulse and AC voltages is required for reliable operation of GIS. Here, 1.2 µs / 50 µs S. Gossmann, B. Lutz, P. G. Nikolic lightning impulse and 50 Hz sinusoidal AC voltage were applied. The up-and-down method [4] was applied to evaluate the breakdown voltage limit values. The choice of gas pressure within a range of 4 bar to 9 bar (absolute value) is important for proper GIS design influencing e.g. size and weight of compartments. Finally, the machining of surfaces influences manufacturing and costs of GIS so that proper surface roughness has to be carefully defined. Here, aluminium electrode surface profiles with mean roughness height of surface profile ranging from 1 µm to 63 µm were evaluated. The experimental results are shown in section 5.
Plasma Physics and Technology
DISCUSSION OF MODELING AND EXPERIMENTAL RESULTS
The rough surface has a negative influence on the dielectric strength, especially with increasing gas pressure. These effects were previously investigated experimentally [14, 15] and some empirical models were developed [16] . In such models the influence of the electrode protrusion on the dielectric strength is represented by a roughness factor, which is a function of the gas pressure and the protrusion tip radius. It was found that this roughness factor does not depend on the type of applied test voltage (i.e. alternating current (AC) voltage or lightning impulse (LI) voltage) [17] . For this approach measurements with electrodes with varying surface roughness at different gas pressures are needed. In contrast to this, the streamer model for the breakdown analysis used in the context of this contribution applies the parameters for emulating the same surface roughness for different pressures.
In Fig. 4 the experimental results for the coaxial cylinder set-up with polished surface are compared with the modeling results, obtained for the critical charge carrier number N cr = 10 8 as ignition condition [4] . By this approach with constant critical charge carrier number and varying protrusion dimensions, only rough agreement between experimental and modeling data is observed. Next to the surface roughness the streamer breakdown mechanism significantly depends on the gas pressure. The streamer head dimension as well as avalanche length decrease with increase of pressure. The space-charge field E r at the head of the avalanche is also a function of air pressure p. If avalanche has travelled a distance z in a non-uniform field, the spacecharge field is given by [18] :
where α z is the value of effective ionization coefficient, α corresponding to the external field at the head of the avalanche.
For this reason, in the model used in the context of this contribution, the logarithm of critical number of charge carriers ln N cr is taken as a function of pressure, namely √ p. The breakdown analysis utilizing the proposed model is performed for both, sphere-plate and coaxial cylinder set-ups (cf. Fig. 5 ). Thereby the sphere-plate is stressed by positive LI voltage 1.2 µs / 50 µs, whereas for the coaxial cylinder geometry AC test voltage is applied. For modeling the LI breakdown voltage a constant ratio between AC and LI breakdown voltages is assumed (cf. [19] ). In addition the model is calibrated with the measured breakdown voltage at a pressure of p = 4 bar to yield suitable assumptions for the protrusion dimensions in comparison to the given surface roughness of the electrodes. Nevertheless in future investigations also the influence of multiple protrusions with varying dimensions occurring on one electrode surface and their influence on the breakdown process and modeling should be considered. In addition statistical delay times of ignition and spark formation as well as the modeling of the breakdown process in (strongly) non-uniform electric fields will be considered in future development steps of the model and further experimental investigations. Applying the approach described above, the prediction of breakdown voltages for pressure values vol.
no. / Influencing factors on the dielectric breakdown strength of p > 4 bar is possible and for both set-ups the experimental and modeling results are in good agreement. It is observed, that the results indicate a slightly higher surface roughness for the coaxial cylinders than for the sphere-plate arrangement. For sphere-plate set-up, protrusion with the height h = 9 µm located at the surface of the sphere needs to be assumed while a protrusion with h = 20 µm is modeled at the surface of the inner cylinder. Both assumptions are in the expected range for the surface roughness of polished surfaces.
CONCLUSION
The model described in this contribution is developed for the breakdown analysis in clean air at different pressures taken into account real surface roughness of metal electrodes. The logarithm of the critical number of charge carriers is taken as a function of pressure. For both sphere-plate and coaxial cylinder set-ups, stressed by positive LI and AC voltages, the experimental and modeling results are found to be in good agreement.
Based on the simulation model and experimental results, new and reliable Clean Air GIS design up to 145 kV has been developed [13] .
